Abstract. International agreements for the limitation of ozone-depleting substances have already resulted in decreases in concentrations of some of these chemicals in the troposphere. Full compliance and understanding of all factors contributing to ozone depletion are still uncertain; however, reasonable expectations are for a gradual recovery of the ozone layer over the next 50 years. Because of the complexity of the processes involved in ozone depletion, it is crucial to detect not just a decrease in ozone-depleting substances but also a recovery in the ozone layer. The recovery is likely to be detected in some areas sooner than others because of natural variability in ozone concentrations. On the basis of both the magnitude and autocorrelation of the noise from Nimbus 7 Total Ozone Mapping Spectrometer ozone measurements, estimates of the time required to detect a fixed trend in ozone at various locations around the world are presented. Predictions from the Goddard Space Flight Center (GSFC) two-dimensional chemical model are used to estimate the time required to detect predicted trends in different areas of the world. The analysis is based on our current understanding of ozone chemistry, full compliance with the Montreal Protocol and its amendments, and no intervening factors, such as major volcanic eruptions or enhanced stratospheric cooling. The results indicate that recovery of total column ozone is likely to be detected earliest in the Southern Hemisphere near New Zealand, southern Africa, and southern South America and that the range of time expected to detect recovery for most regions of the world is between 15 and 45 years. Should the recovery be slower than predicted by the GSFC model, owing, for instance, to the effect of greenhouse gas emissions, or should measurement sites be perturbed, even longer times would be needed for detection.
to decrease and may decrease further over the next few years. The magnitude of the decline in ozone has not been the same at all locations around the world, with the equator showing very small trends and the polar regions showing the greatest change. Similarly, the recovery of the stratospheric ozone layer is not expected to be the same in all areas. Statistical detection of ozone layer recovery will be an important step toward verification that all relevant processes in ozone destruction have been identified and that appropriate measures have been taken to assure the ozone layer's health. We estimate here the time required to detect ozone layer recovery using assessments of natural variability from past ozone measurements to assess the natural variability and predictions for the recovery of the ozone layer from the Goddard Space Flight Center (GSFC) twodimensional (2-D) model [Jackman et al., 1996] . Locations at which the recovery may be detected first are also reported. Figure 1 shows the expected recovery of ozone through 2050 based on GSFC 2-D model predictions for total column ozone levels at 45øS. This figure shows that the recovery rate is expected to be nearly linear and roughly independent of season. In this paper we address the question of how long it will take to detect the predicted trends given the natural variability in ozone concentrations.
Recovery is likely to appear first as a lessening of the downward trend in ozone, followed by an increase in ozone, and finally, it is hoped, the full recovery of ozone to unperturbed levels. Indeed, the term recovery can be used to refer to any of these three phases. For this paper we consider the question of how long it will take to detect a statistically significant positive trend in total column ozone and use the term recovery to refer to the process of increasing total column ozone levels. Available 2-D chemical models indicate that total column ozone should be starting to recover now; however, the influence of a cooling stratosphere due to greenhouse gas emissions may seriously slow or delay this phase [Shindell et al., 1998; Darneris et al., 1998 ]. Because the most severe depletion has been observed in seasonal and ozone profile trends, it is possible that these data will show convincing evidence for ozone recovery earlier than the total column ozone levels [Miller et ing of the processes that govern ozone production and destruction and influence these changes. Long-term monitoring and modeling efforts as well as measurement campaigns are devoted to furthering this understanding for prediction of future ozone levels. Current predictions indicate a slow ozone recovery, which will not occur uniformly over the globe. Detecting the recovery in nonpolar regions, as with detection of downward trends, depends on the magnitude of the trend as well as the magnitude and autocorrelation of the unexplained portion of the noise. Estimates are made of the number of years required to detect a fixed change in ozone as well as the expected change predicted by the GSFC 2-D model. This work shows that the time periods to detect the expected change differ significantly by location.
Past and future changes are often approximated by a linear term. For this study we adopt the commonly used decision rule that a real trend is considered to be detected when the estimated trend is more than two standard deviations from zero.
As was most recently shown by Weatherhead et al. [1998] , the ability to detect trends in environmental data depends critically on three factors: the size of the trend to be detected; the random variability (or noise) in the data; and the autocorrelation of the noise in the data. The first two factors may be considered intuitive: It is easier to detect a trend when it is large and/or when the natural variability is low. The autocorrelation of the data refers to the relationships within the data set, for example, that this month's measurement is highly correlated with last month's measurement. Such a tendency reduces the number of independent pieces of information from which to estimate a trend, thus increasing its uncertainty. All three of these factors vary significantly with geographic region. Expected ozone trends have previously been observed to vary with location [WMO, 1995 [WMO, , 1999 . It has also been observed that noise is lowest, but autocorrelation is highest, in the equatorial region. This paper estimates the number of years required to detect ozone trends with a given confidence around the globe, incorporating information on variability and autocorrelation of noise from Nimbus 7 ozone records. [1998] showed that ozone, among several examined environmental parameters, is particularly good for the detection of trends because of its relatively low noise and autocorrelation when compared with parameters such as relative humidity and ultraviolet radiation. The recovery of the Antarctic ozone hole was addressed by Hofmann [1996] . who considered the question in terms of variability but did not examine recovery at midlatitudes. the length of the data record. Clearly, as the data span increases, o-co will decrease and the chance of detecting a real trend of specified value will increase. Because we cannot increase the data span indefinitely, we must set up some criteria to obtain the number of years of data needed for trend detection. Within the trend detection analysis, we must consider both the error that occurs when we reject the test hypothesis of zero trend when it is actually true and the error that occurs when we accept the hypothesis of zero trend when it is actually false. Therefore we need (1) to formulate a decision rule for trend detection that controls the probability of the first type of error and (2) to prescribe an acceptable degree of certainty that a nonzero trend of specified value will be detected by the rule (equivalently, prescribe an acceptable probability for the second type of error). For point i we adopt the rule commonly used in scientific investigation that a real (nonzero) trend is indicated, with 95% confidence or 5% error rate, if the magnitude of the estimate & is greater than 2 times its standard error, i.e., Ico> For point 2 it seems reasonable to require that there should be (at least) a 50% chance that a specified nonzero trend value is detected by this rule, but higher probabilities of detection could also be entertained.
Statistical Techniques
The situation is depicted in Figure 2 . The left curve shows a normal distribution for the estimate & centered at 0 (representing the case for a true trend of zero) with _2o'co limits marked, and the right curve shows the distribution of & centered at a specified true trend value w o (w o > 0) with the same standard error o'co. Note that there is a 5% error rate, equivalently, a 95% confidence level, that a trend will be indicated by the rule, i.e., that Iol > when the true trend is in fact zero.
On the other hand, the shaded area in the right curve gives the probability that a trend will be detected by the rule when the true trend is the specified value w o. (The unshaded portion under the right curve thus gives the probability of the second type of error, that a trend will not be indicated by the rule, i.e., that Icol < when the true trend is WoO From Figure 2 we can infer that as the number of years of available data increases, (1) the left curve will become more concentrated around 0 and the _+2o-co limits will accordingly shrink toward 0, and (2) the right curve will get more concentrated about o2 o and consequently the shaded area (probability of detection) will become larger. It follows that the probability of detection under a true specified ( Table 1 show that for typical ranges of autocorrelation and noise variance, the number of years to detect a 1 DU yr -1 trend can vary from less than 10 years to more than 20 years. While it may not be appropriate to refer to changes in short time series (less than 10 years) as trends, the numbers are offered here for comparative purposes. Weatherhead et al.
[1998] also discuss the uncertainty in the estimate of the number of years n* for trend detection, formed from (2) when & and o' N need to be estimated from the data.
Data Used in This Study
To The standard deviation o-•v of the noise is expressed in Dobson units of variability in the month-to-month data.
Detecting a Fixed Trend
The estimates of autocorrelation and magnitude of noise A-3) . It assumes no direct temperature changes due to greenhouse gas emissions but does allow for expected changes in gases relevant to ozone depletion, including methane. The GSFC 2-D model run shows that the largest trends are expected in the Southern Hemisphere and at the polar regions (Figure 3) . These trends are expected to be close to linear for the next 50 years, with the trends becoming stronger during the latter period. For the purposes of this study, trends were derived using the first 20 years of predicted ozone levels. These trends should be more difficult to detect than the slightly larger trends derived using the full 55 years of predicted levels.
Results for Detecting Expected Trends
We estimate the number of years of data needed to detect the trends predicted for WMO by the GSFC 2-D model using monthly and latitudinally averaged past ozone data. The results, shown in Figure 3 Table 2 . The values presented represent the number of years to detect a trend with 0.50 probability, using a 95% confidence level decision rule. Therefore, should the predicted trends be accurate (and no large, confounding changes to the data records take place), there is an approximately 50% chance that the trends will be detected within the number of years shown in Table 2 .
Notice that in comparison with typical values displayed in Plates 4 and 5, the numbers of years for trend detection for regions like 30øN-60øN, 0ø-30øN, 0ø-60øN , and 30øS-0 ø are not dramatically smaller than those obtained from corresponding individual grid points. In general, regional averages decrease the magnitude of noise but increase the autocorrelation estimates derived from the data. The most substantial reductions in the numbers of years for detection from regional analyses would appear to occur for the 60øS-30øS and 60øS-60øN regions.
Conclusion
International efforts to control ozone-depleting substances have been modified as our understanding of ozone depletion has improved. Full verification that our current understanding is sufficient and that international actions are appropriate will occur when the ozone concentrations have returned to unperturbed levels. However, before this takes place, the detection of the increase in ozone levels will be one of the most convincing arguments that current actions are working. Several net- works have been established and are being maintained to detect changes in total column ozone. It is likely that some of these locations will detect ozone recovery sooner than others. The ability to detect changes in spite of the local natural variability will be a limiting factor in detecting ozone recovery. This analysis shows that natural variability makes it likely that predicted ozone trends will be most readily detectable around New Zealand/eastern Australia, southern South America, and southern Africa. It is particularly interesting to note that these areas are not where the largest trends are expected nor are they the areas where the background noise is most conducive to trend detection. However, the combination of moderate noise and signal indicate that these are the areas where the trends predicted by the GSFC 2-D model should be detected earliest.
As shown by Weatherhead et al. [1998] , sudden changes in the data sets, such as instrumentation changes, local perturbations, or volcanic eruptions, can increase the number of years needed to detect a trend by as much as 50%. Thus it is critical for detection of ozone recovery that current monitoring stations be maintained through the expected recovery.
The GSFC 2-D model shows the fastest ozone recovery of all models examined for the WMO Scientific Assessment of Ozone Depletion 1998 [WMO, 1999] . Should the recovery be slower than predicted by the GSFC model, for instance, by the effect of greenhouse gas emissions, or should measurement sites be perturbed, even longer times would be needed for detection, and the geographic distribution of areas of high and low detectability may change. However, the analysis also assumes that each gridded area will be analyzed in isolation from all other information. It is far more likely that the entire body of data will be analyzed, either from satellite information or from ground-based networks. The information from multiple regions, analyzed jointly, is likely to reduce the number of years to determine a statistically significant trend, but as illustrated by the results in section 6, the reductions due to regional analyses need not be substantial.
Some of the benefits of this type of analysis are outlined briefly here.
1. By establishing reasonable expectations of the number of years necessary to detect trends, the results of this study can be used to make judicious choices about continuation of existing monitoring. In particular, this work shows that improved monitoring of ozone in the Southern Hemisphere may be critical to determining the effectiveness of efforts to protect the ozone layer.
2. By determining areas of high likelihood for the detec-tion of ozone recovery, this study will allow existing and future work to begin focusing on areas where scientific results are likely to be achieved earliest and therefore with least cost. Similarly, methods of analysis can be developed to exploit these differences in detectability. 3. By estimating now the number of years necessary for detection of recovery, this study will be useful for explaining why positive ozone trends may not be detected in the Northern Hemisphere in the next 20 years, despite the effectiveness of international treaties.
This study points to the importance of understanding reasonable expectations for ozone recovery. Continuation of existing monitoring stations and judicious placement of new instruments are critical for detecting the recovery of ozone. The ability to detect trends could be improved by use of ancillary data or by grouping data from different regions to identify average behavior over large spatial scales. Finally, one should note that long-term monitoring has value other than trend detection. The capability to identify unexpected, and perhaps large or abrupt, changes in the environment must be maintained.
